STUDY QUESTION: Is actin capping protein (CP) β3 involved in human spermatogenesis and male infertility? SUMMARY ANSWER: Human CPβ3 (hCPβ3) is expressed in testis, changes its localization dynamically during spermatogenesis, and has some association with male infertility.
staining) (P < 0.001). The percentage of abnormal staining was higher in the O + A group (52.4 ± 3.0%) than in the Normo group (31.2 ± 2.5%). Even by confining the observations to morphologically normal spermatozoa selected in accordance with David's criteria, the percentage of abnormal staining was still higher in the O + A group (39.9 ± 2.9%) versus the Normo group (22.5 ± 2.1%) (P < 0.001). hCPβ3 in conjunction with hCPα3 seemed to play an important role in spermatogenesis and may be associated with male infertility.
Introduction
Cells of the seminiferous epithelium possess elaborate cytoskeletal systems that change their patterns of organization during spermatogenesis. One quite important and interesting component of the cytoskeletal system in spermatogenic cells is filamentous actin (Vogl, 1989) , which serves as a structural scaffold and track for motor proteins. In mammalian testis, several actin-containing cytoskeletal structures have been identified, including ectoplasmic specialization (Lee and Cheng, 2004; Mruk and Cheng, 2010; Cheng and Mruk, 2012) , the acroplaxome and the manchette (Mochida et al., 1998; Kierszenbaum and Tres, 2004) . The polymerization state of actin, the size of the actin filaments and the relationships of one filament to another are controlled by a large number of actin-binding proteins (Lie et al., 2010) . Especially in mammalian spermatogenesis, a number of actin-associated proteins are reported, some of which are testis-specific (Bartles et al., 1996; Tanaka et al., 2003; Guttman et al., 2004) .
Actin capping protein (CP) is one of the most important actinbinding proteins and inhibits the addition and loss of actin subunits at the barbed end. The biochemical properties of CP were previously reviewed (Cooper and Sept, 2008; Edwards et al., 2014) . In short, CP is a~64 kDa heterodimeric protein composed of α and β subunits and is expressed in essentially every eukaryotic organism and every metazoan cell type (Cooper and Sept, 2008) . The α and β subunits are extensively intertwined, and the complex behaves as a single protein in terms of its physical properties (Sizonenko et al., 1996) . In vertebrates, there are two somatically expressed isoforms of each subunit, termed α1/α2 and β1/β2, and one additional set of male germ cell-specific isoforms, α3 and β3 (Schafer et al., 1994; Hart et al., 1997; von Bülow et al., 1997; Hurst et al., 1998) .
Previously, we cloned the human CPα3 gene (hcpα3) and showed that CPα3 protein localized in the neck region of ejaculated human sperm, with moderate and faint signals in the tail and postacrosomal region, respectively (Miyagawa et al., 2002) . The N-ethyl-N-nitrosourea-induced mutant mice had low epididymal sperm concentration and produced sperm with abnormally shaped heads and poor motility (Geyer et al., 2009) . In contrast, CPβ3, which is likely to be a heterodimeric counterpart of CPα3, has so far been reported in bovine (von Bülow et al., 1997) and mouse (Geyer et al., 2009) . To date, however, CPβ3 in human has not been reported or characterized, and the relationship between CPα3 and CPβ3 is unclear. To further investigate testis-specific CP in human, we studied the protein expression profiles of CPβ3 in human spermatogenesis and its implications for male infertility.
Material and Methods

Chemicals
All media and reagents were purchased from Nacalai Tesque (Kyoto, Japan) unless otherwise specified. Antibodies were purchased as follows: Guinea pig anti-CPβ3 polyclonal antibody (GP-SH5) specific for the Nterminal domain of bovine CPβ3 (PROGEN, Heidelberg, Germany); donkey peroxidase-conjugated anti-guinea pig antibody (Jackson ImmunoResearch, Baltimore, MD, USA); rabbit anti-CPα3 polyclonal antibody (H00093601-D01) (Abnova, Taoyuan, Taiwan); Alexa Fluor 488 goat anti-guinea pig secondary antibody (A-11073) and 568 goat anti-rabbit secondary antibody (A-11011) (Life Technologies, Carlsbad, CA, USA); mouse anti-green fluorescent protein (GFP) monoclonal antibody (012-20461) for immunoprecipitation (IP) (Wako, Osaka, Japan); chicken anti-GFP antibody (ab13970) for Western blotting (Abcam, Cambridge, UK) and rabbit anti-red fluorescent protein (RFP) antibody (600-401-379) (Rockland, Limerick, PA, USA). VeriBlot for IP secondary antibody (ab131366, Abcam) was used to reduce the interference from the denatured IP antibody.
Sample collection
Human testis samples were obtained by testicular sperm extraction (TESE) from men with obstructive azoospermia and whose samples exhibited histologically normal spermatogenesis. The patients consented to the use of their samples that were no longer used for ICSI.
Fresh human semen was obtained by masturbation after 2-5 days of sexual abstinence from proven fertile male volunteers and infertile men. Semen analysis was performed as per the World Health Organization (WHO) manual (World Health Organization, 2010) . These semen samples were diluted with freezing medium from Irvine Scientific (Newtownmountkennedy, Ireland) and stored at −80°C until analysis and thawed at 37°C when used.
To investigate possible implications of hCPα3 and hCPβ3 for male infertility, healthy volunteers with normozoospermia according to the WHO 2010 criteria (Normo group) were compared with infertile men with oligozoospermia and/or asthenozoospermia (O + A group). In total, 20 semen samples were analyzed for the Normo group and 21 were analyzed for the O + A group. One hundred spermatozoa were randomly selected and analyzed by immunofluorescent analysis using anti-CPα3 and anti-CPβ3 antibodies. Furthermore, morphologically normal spermatozoa were selected according to David's classification criteria (David et al., 1975) and analyzed.
Cloning of hcpβ3 cDNA and organization of hcpβ3 genomic DNA Before cloning of the human orthologue of bovine cpβ3 cDNA (EMBL accession number: Z85980) (von Bülow et al., 1997), referred to as hcpβ3, a computer-assisted homology search of the DDBJ, GenBank, EMBL and UniProtKB databases was performed. We found a human cDNA sequence homologous to the bovine cpβ3 in Homo sapiens chromosome 1 (named CAPZB, transcript variant 4; NCBI accession number: NM_001282162).
Comparison of this cDNA sequence with that of bovine cpβ3 revealed that the putative hcpβ3 was likely to possess exon 1, which was proven to be specific for the bovine β3 isoform (von Bülow et al., 1997 ). An hcpβ3 isoform-specific oligonucleotide 5′-ATGCACCCAAGCAGGCGCAGCC TC-3′, consisting of the 24 nucleotides downstream of the first methionine, was synthesized as a probe for the screening of the hcpβ3 cDNA. The probe was end-labeled with [γ-32 P] ATP by T4 polynucleotide kinase (Promega, Madison, WI, USA). The hcpβ3 cDNA was isolated from a human testis cDNA library constructed with plasmid vector pAP3neo (Tanaka et al., 1997) . More than 2 × 10 6 Escherichia coli containing recombinant plasmids were screened by hybridization at 60°C with the probe as mentioned above and washed twice in 2× saline sodium citrate (0.15 M NaCl, 0.015 M sodium citrate, pH 7.6) at 60°C for 1 h each. Hybridized colonies were isolated and purified by limiting dilution and rescreening. Ten independent positive clones were isolated, and the cDNA inserts were subcloned into pBluescript II KS+ (Stratagene, La Jolla, CA, USA) to obtain the complete cDNA sequence. Dideoxy-chain-termination sequencing reactions were performed with fluorescent dye-labeled primers and thermal cycle sequencing kits purchased from Applied Biosystems (Carlsbad, CA, USA). The reaction products were analyzed with an ABI-PRISM 310 Genetic Analyzer (Applied Biosystems, Life Technologies).
RT-PCR analysis
To examine the tissue-specific expression of hcpβ3, we carried out RT-PCR analysis using a Rapid-Scan gene expression panel containing cDNAs from 24 different human tissues (OriGene Technologies, Rockville, MD, USA). A primer hCPB3F (5′-ATGCACCCAAGCAGGCGCAGCCTC-3′), consisting of the 24 nucleotides downstream of the first methionine, and a primer hCPBT (5′-TTAGCATTGCTGCTTTCTCTTCAA-3′), consisting of the 24 nucleotides upstream of the terminal codon of the hcpβ3 genome, were used to amplify a fragment of 768 bp. Cycling conditions were 96°C for 1 min followed by 35 cycles of denaturation at 96°C for 45 s, annealing at 62°C for 45 s, and extension at 72°C for 60 s. As a control, actin was also amplified as per the manufacturer's protocol.
Western blot analysis
Protein extracted from human ejaculated sperm (50 μg) was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), followed by electroblotting to polyvinylidene difluoride membrane filters using an iBlot (Life Technologies). The filter was blocked with 4% BLOCK ACE (DS Pharma Biomedical, Tokyo, Japan) and then reacted with diluted anti-CPβ3 antibody (1:1000) in phosphate-buffered saline (PBS; 137 mmol/l NaCl,2.7 mmol/l KCL, 8.1 mmol/l Na 2 HPO 4 , 1.5 mmol/l KH 2 PO 4 , pH 7.4) overnight at 4°C. The filter was washed in PBS with 0.05% Tween-20
(PBS-T) three times for 10 min each at room temperature. Finally, the filter was incubated with donkey peroxidase-conjugated anti-guinea pig antibody (1:200 000) in Can Get Signal (Toyobo, Osaka, Japan) for 45 min at room temperature. After further washing, reactive bands were visualized by Chemi-Lumi One Ultra (Nacalai Tesque).
Immunohistochemical analysis
Human sperm samples were spotted on microslide glass with MAScoating (Matsunami Glass Ind., Osaka, Japan) and fixed with 4% paraformaldehyde on ice for 15 min. After permeabilization with 0.5% Triton X-100 in PBS at room temperature for 15 min, the slides were blocked with Blocking One Histo (Nacalai Tesque) for 1 h at room temperature. Incubation with corresponding primary antibodies (anti-CPα3 and anti-CPβ3 antibodies) diluted in PBS-T (1:100) was carried out overnight at 4°C. After washing, the slides were incubated with the appropriate secondary antibodies diluted in PBS-T (1:500) for 1 h at room temperature. Finally, the slides were washed in PBS-T 10 times at room temperature and then counterstained with ProLong Gold Antifade Mountant with DAPI (Life Technologies). To compare the difference in protein expression between the Normo and O + A groups, immunofluorescence patterns for hCPα3 and hCPβ3 were classified into two categories, including normal staining, in which both hCPα3 and hCPβ3 were stained at the postacrosomal region of the sperm head, and abnormal staining, in which there was lack of staining of either hCPα3 or hCPβ3 or their localization was aberrant. For the induction of capacitation, spermatozoa were incubated in capacitation media containing human serum albumin (Wako, Osaka, Japan) and NaHCO 3 for 90 min at 37°C, 5% CO 2 . The acrosome reaction was induced with calcium ionophore A23187 (10 μmol/L, Sigma-Aldrich, MO, USA) for 30 min after the incubation in capacitation media for 60 min at 37°C, 5% CO 2 . Subsequently, immunofluorescence analyses using anti-CPα3 and anti-CPβ3 antibodies were carried out. Human testis tissues obtained by TESE were dispersed as previously described (Sutovsky et al., 1999) . Mitochondria of spermatogenic cells were stained according to a previously described procedure (Okuda et al., 2011) . Thereafter, the suspension was dropped on a slide glass, followed by fixation, permeabilization and blocking, as mentioned above. For immunofluorescent staining, anti-CPα3 or anti-CPβ3 antibodies were used. We examined the cells by differential interference contrast microscopy and assigned them to each step of spermatogenesis according to cell shape and staining status of the mitochondria (Okuda et al., 2011) .
Construction of hcpβ3-EGFP/mRFP1-hcpα3 expression vector and transfection into cultured cells
To investigate whether hCPα3 and hCPβ3 form a heterodimer, a tandem expression vector containing hcpα3 and hcpβ3, each labeled with monomeric red fluorescent protein 1 (mRFP1) and enhanced green fluorescent protein (EGFP) in a single plasmid, was constructed by using Multisite Gateway technology (Life Technologies) (Yahata et al., 2005; Sone et al., 2008) . The Entry clone (pENTR) used for construction of the fused cDNA tandem expression clone containing the actin CP subunits hcpα3 and hcpβ3 (GenBank accession numbers: NM_033328 and NM_001282162, respectively) was pENTR-L1-hcpβ3-B3-EGFP-B6-pA-P EF1α -B5-mRFP1-B4-hcpα3-L2. This was constructed according to the procedure reported by Sone et al. (2008) . For the construction of the Expression clone, pEF5/FRT/V5-B1-hcpβ3-B3-EGFP-B6-pA-P EF1α -B5-mRFP1-B4-hcpα3-B2, a Destination vector, pEF5/FRT/V5-DEST, was used with the pENTR constructed above in recombination between Left prophage att site (attL) and Right prophage att site (attR) (LR reaction). Human embryonic kidney (HEK)-293 cells obtained from the JCRB Cell Bank (Osaka, Japan) were transfected with the expression vector using Lipofectamine LTX Reagent (Life Technologies). Transfection was performed as per the manufacturer's instructions.
Immunoprecipitation
HEK 293 cells transfected with the expression vector pEF5/FRT/V5-B1-hcpβ3-B3-EGFP-B6-pA-P EF1α -B5-mRFP1-B4-hcpα3-B2 were lysed in lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 0.5% nonyl phenoxypolyethoxylethanol, 5% glycerol) with protease inhibitor cocktail (Santa Cruz Biotechnology, Dallas, TX, USA). IP was performed using Dynabeads Protein G (Life Technologies) bound with anti-GFP antibody for 1 h at 4°C with rotation. The precipitates were dissolved in SDS buffer and boiled for 3 min before being analyzed using SDS-PAGE and immunoblotting with anti-CPβ3 antibody (PROGEN), anti-CPα3 antibody (Abnova), anti-GFP antibody (Abcam) and anti-RFP antibody (Rockland).
Statistical analysis
Patient characteristics and sperm parameters in Normo and O + A groups were evaluated using the Student's unpaired t-test or Mann-Whitney U-test. Values were presented as mean ± SD or median and interquartile range. The differences in the results of immunofluorescent analysis between the Normo and O + A groups were evaluated using the Student's unpaired t-test. Analyses were performed by SPSS 21.0 (IBM, Chicago, IL, USA). Statistical significance was set at P < 0.05.
Ethical approval
Written informed consent from the patients and volunteers was obtained in accordance with the study protocol approved by the institutional review board of Osaka University.
Results
Patient characteristics and sperm parameters are summarized in Table I .
Characterization of hcpβ3 cDNA
Analysis of the complete nucleotide sequence of hcpβ3 cDNA showed it to consist of 2109 nucleotides and to be identical to the Homo sapiens CP muscle Z-line, beta (CAPZB), transcript variant 4, mRNA (GenBank accession number: NM_001282162), which has a specific exon 1. Sequence analysis revealed an uninterrupted open reading frame at nucleotide positions 429-1331 encoding 301 amino acid residues. The hcpβ3 cDNA had a 92% identical sequence to that of bovine cpβ3 (GenBank accession number: Z85980) (834/902 nucleotides) and 98% (296/301) identical amino acid residues. A computer-assisted homology search found multiple alternatively spliced transcript variants encoding different isoforms, which were produced from a single gene as previously reported (Schafer et al., 1994) .
Expression of hcpβ3 mRNA and protein in human spermatozoa
The expression of hcpβ3 mRNA in various human organs was analyzed by RT-PCR. The mRNA of hcpβ3 was found to be expressed exclusively in testis and at low levels in lung (Fig. 1A) . This result is consistent with the transcript start site registered in the DataBase of Transcriptional Start Sites (http://dbtss.hgc.jp/, 26 June 2016, date last accessed).
Because of the high degree of identity at the antigen recognition site between the bovine and human CPβ3 amino acid sequence (86.7%), it was suspected that hCPβ3 protein can be specifically recognized by the antibody for bovine CPβ3. We confirmed the specificity of bovine antibody against hCPβ3 protein with Western blot analysis using hCPβ3-EGFP/mRFP1-hCPα3 recombinant protein. This antibody against bovine CPβ3 specifically detected the hCPβ3-EGFP protein around 60 kDa with no extra bands ( Supplementary Fig. S1, right lane hCPβ3 was localized at the postacrosomal region of the sperm head. human CPα3 (hCPα3) was also stained simultaneously, and its localization was completely identical with that of hCPβ3.
Using this antibody, we examined the expression of hCPβ3 protein in human sperm by immunoblotting. The results showed a single band of hCPβ3 protein around 34 kDa in the human sperm (Fig. 1B) . Immunofluorescent analysis of ejaculated spermatozoa showed that hCPβ3 protein was distributed in the posterior part of the head in the postacrosomal region. A faint signal in the tail was also detected. The double-staining analysis of hCPα3 and hCPβ3 showed their localization to be almost identical (Fig. 1C) .
Protein expression profiling of hCPβ3 in spermatogenesis
To examine the role of hCPβ3 during spermatogenesis, we investigated the protein expression profile by immunofluorescent analysis in each step of the spermatogenic cells (Fig. 2) . This showed that spermatogonia had a slight hCPβ3 signal, but hCPβ3 was mainly expressed in the cytoplasm of spermatocytes. In the preleptotene/ leptotene/zygotene spermatocytes, hCPβ3 showed intermediate signals. The fluorescent staining showed a strong signal in pachytene spermatocytes with partial speckling in the cytoplasm. Because pachytene spermatocytes were the most abundant of the spermatogenic cells, the hCPβ3 signals in pachytene spermatocytes were conspicuous in the observation field. In round spermatids with an acrosomal cap, hCPβ3 staining was detected around the acrosomal cap. In elongating spermatids, in which axonemes were formed, hCPβ3 staining was distributed to the base of the axoneme. As the axoneme became distinctive, hCPβ3 was further distributed from the base to middle area of the axoneme. At the final stage, when spermatozoa were formed, hCPβ3 was localized in the postacrosomal region of the head. This was the same finding as that in the ejaculated spermatozoa described in Fig. 1C . Furthermore, we performed a double-staining analysis of hCPα3 and hCPβ3 at each step of the spermatogenic cells. Their localization was identical to each other (Fig. 3) .
Interaction of hCPα3 and hCPβ3
We speculated that hCPα3 and hCPβ3 might bind to each other as noted by Cooper and Sept (2008) . Therefore, we constructed a tandem expression vector containing hcpα3 and hcpβ3, each labeled with mRFP1 and EGFP, in a single plasmid (Fig. 4A) and performed a coimmunoprecipitation with recombinant proteins lysed from transformant cells expressing both mRFP1-tagged hCPα3 and EGFP-tagged hCPβ3 proteins in the same cell. The lysates were immunoprecipitated with anti-GFP antibody, and the precipitates were subjected to Western blot analysis with anti-CPβ3, anti-CPα3, anti-GFP and anti-RFP antibodies. The results showed that mRFP1-tagged hCPα3 was co-immunoprecipitated with EGFP-tagged hCPβ3, which suggested that hCPα3 and hCPβ3 bind to each other (Fig. 4B) .
Alteration of the protein expression of CPs in human infertile population
To investigate the implications of hCPα3 and hCPβ3 for male infertility, the protein expression in ejaculated spermatozoa from infertile men in the O + A group (n = 21) was compared with that of male volunteers in the Normo group (n = 20) by immunofluorescent analysis. Although Figure 2 Protein expression profiling of hCPβ3 during human spermatogenesis. Immunofluorescent staining for hCPβ3 was performed using guinea pig primary antibody for corresponding protein and fluorescein-conjugated anti-guinea pig secondary antibody (green). Mitochondria were stained by MitoTracker. Cell diagrams indicating the steps of spermatogenesis are modified from Walker, 2010. At each step of the cells during spermatogenesis, the localization of hCPβ3 dynamically changed. In spermatogonia, hCPβ3 showed a slight signal in cytoplasm. The expression of hCPβ3 was conspicuous mainly from spermatocytes, and the localization of hCPβ3 dynamically migrated from cytoplasm to the acrosomal cap, acrosome and postacrosomal region of the mature sperm head.
some spermatozoa from a male volunteer in the Normo group were stained homogeneously by both hCPα3 and hCPβ3 at the postacrosomal region (not shown), others in the O + A group showed heterogeneous or a lack of staining for either hCPα3 or hCPβ3 (abnormal staining) (Fig. 5) . The percentage of abnormal staining was significantly higher in the O + A group (52.4 ± 3.0%) than in the Normo group (31.2 ± 2.5%) (P < 0.001) (Fig. 6A) . The percentage of morphologically abnormal spermatozoa in accordance with David's criteria in the O + A group and the Normo group was 52.4 ± 3.2% and 38.6 ± 2.3%, respectively (P < 0.005). Even when confining the observation to morphologically normal spermatozoa, the percentage of abnormal staining was still higher in the O + A group (39.9 ± 2.9%) than in the Normo group (22.5 ± 2.1%) (P < 0.001) (Fig. 6B ).
Discussion
Our analyses resulted in five major findings. First, the human orthologue of the bovine cpβ3 gene was isolated and was exclusively expressed in human testis. Second, hCPβ3 protein was localized in the postacrosomal region of ejaculated human spermatozoa. Third, during spermatogenesis, hCPβ3 was expressed in cytoplasm mainly in spermatocytes, and the localization dramatically changed from cytoplasm to the acrosomal cap and postacrosomal region. Fourth, hCPα3 and hCPβ3 formed a protein complex as somatic CPα and CPβ subunits to make a heterodimer (Casella et al., 1986) . Finally, alteration of protein expression of either hCPα3 or hCPβ3 had possible implications for male infertility in human. Our findings of the CPβ3 expression in ejaculated spermatozoa were similar to those of previous reports on bovine (von Bülow et al., 1997) and mouse (Tokuhiro et al., 2008) . The localization of hCPβ3 changed dramatically during spermatogenesis, especially in spermatids, in which the acrosomal cap and flagellum are formed. During acrosome biogenesis, proacrosomal vesicles derived from the Golgi apparatus are transported to the developing acrosome (Clermont and Tang, 1985; Thorne-Tjomsland et al., 1988) along actin filaments (Kierszenbaum et al., 2003a) and microtubule tracks (Yang and Sperry, 2003) . The proacrosomal vesicles are recruited to the acroplaxome, an F-actin-containing plate anchoring the acrosome to the nucleus (Kierszenbaum et al., 2003b) . In addition to acrosome biogenesis, the manchette, which is a temporary component of the sperm head and is composed of microtubules and actin filaments, begins to be assembled on the opposite side of the acrosome (Kierszenbaum and Tres, 2004) . The dynamic change of localization of hCPβ3 and hCPα3 around the acrosomal cap and postacrosomal The cell lysates were Immunoprecipitated (IP) with anti-GFP antibody (+) or no antibody (−). The precipitates were resolved and analyzed by Western blot analysis with anti-CPβ3, anti-GFP, anti-CPα3 and anti-RFP antibodies. mRFP1-tagged hCPα3 was co-immunoprecipitated with EGFP-tagged hCPβ3, which suggested that hCPα3 and hCPβ3 bind to each other. region may be associated with the organization of these organelles, which contain actin filaments. Geyer et al. (2009) reported that mutant mice with a missense mutation in the cpα3 gene failed to remove excess cytoplasm during spermiation. They suggested that a mutation in the cpα3 gene would lead to the disruption of F-actin in condensing spermatids and may result in defective function of the tubulobulbar complex through which excess cytoplasm is taken up by Sertoli cells (Russell, 1979; Russell and Malone, 1980) . The dynamic change of hCPβ3 and hCPα3 may imply their essential role in the normal development of spermatogenic cells in association with actin fiber during every phase of spermatogenesis.
Another role of CPα3 is demonstrated in mature spermatozoa during capacitation and the acrosome reaction in mouse (Sosnik et al., 2010) . As previously reported, actin polymerization occurs during capacitation in human as well as bull, mouse and ram sperm (Brener et al., 2003; Breitbart et al., 2005) . Subsequently, actin is lost from the acrosomal region in human sperm after the acrosome reaction (Liu et al., 1999) . Sosnik et al. (2010) showed that CPα3 forms a dynamic pattern of localization during capacitation and the acrosome reaction in mouse. In the present study, the immunostaining of hCPα3 and hCPβ3 in human sperm was diminished after capacitation and the acrosome reaction ( Supplementary Fig. S2 ). This may suggest the important role of human testis-specific CPs corresponding to the remodeling of the actin cytoskeleton during capacitation and the acrosome reaction. Further analysis is needed to determine the function of CP in human sperm.
The comparison of sperm between men with normal semen analysis and infertile men with oligozoospermia and/or asthenozoospermia implies an association of CP with male infertility. Our results suggest that abnormal protein expression, including the lack of expression or altered localization of hCPα3 or hCPβ3, could lead to perturbation of the CP function. Interestingly, if either hCPα3 or hCPβ3 was stained abnormally, the other subunit also showed abnormal staining in most samples. In yeast, deletion of the gene for one subunit leads to a loss of protein for the other subunit (Amatruda et al., 1992) , and a null mutant leads to a severe deficit of actin fibers. CP is stable only as a heterodimer, where the subunits behave as a single protein (Haus et al., 1991; Amatruda et al., 1992) . Supposing that each subunit of testis-specific human CP also acts like that in other species, the altered expression of either subunit could lead to abnormal function of the other CP. This can lead to dysfunction of heterodimeric CP followed by perturbation of actin organization. Conceivably, the perturbation of actin organization, an important factor for normal morphogenesis of cells, can adversely affect spermatogenesis. We further assessed sperm with morphologically normal spermatozoa. The percentage of abnormal staining was still higher in the O + A group than in the Normo group, suggesting that hCPα3 and hCPβ3 are important not only for normal spermatogenesis but also for some unknown sperm function. In the recent report of high-throughput sperm proteomics using normozoospermic samples from men whose female partners failed to achieve pregnancy after IVF, hCPα3 was identified as one of the less abundant proteins in sperm (Azpiazu et al., 2014) . The altered proteins, including hCPα3, were suggested to be necessary for normal embryonic development. Taking these findings into consideration, human testis-specific CPs may have an Figure 5 Immunofluorescent analysis of sperm using anti-CPα3 and anti-CPβ3 antibodies. Example from an infertile man of the oligozoospermia and/or asthenozoospermia (O + A group). While some spermatozoa were stained equally by both hCPα3 and hCPβ3 at the postacrosomal region (normal staining, arrows), others showed lack of staining for either hCPα3 or hCPβ3 or their complete absence (abnormal staining, arrowheads). The percentage of abnormally stained sperm was significantly higher in the O + A group (52.4 ± 3.0%) than in the Normo group (31.2 ± 2.5%) (P < 0.001). The percentage of morphologically abnormal spermatozoa in accordance with David's criteria in the O + A group and the Normo group was 52.4 ± 3.2% and 38.6 ± 2.3%, respectively (P < 0.005). (B) The percentage of abnormally stained morphologically normal spermatozoa selected by David's criteria was still higher in the O + A group (39.9 ± 2.9%) than in the Normo group (22.5 ± 2.1%) (P < 0.001).
important role that affects sperm function other than the morphogenesis of spermatogenic cells and which will not be reflected in conventional sperm analysis. Furthermore, CPs can be a potential biomarker to screen idiopathic infertile men with normozoospermia. Studies involving such cohorts should be performed in the future.
Previously, we examined the single nucleotide polymorphism (SNP) of the hcpα3 gene (GSG3/CAPZA3) in 261 infertile and 139 proven fertile men (Tanaka et al., 2014) . The results showed only one heterozygous SNP in the proven fertile men (0.7%) and no SNPs in the infertile men, indicating that the hcpα3 gene may not be a genetic factor for male infertility. However, three isoforms of the β subunit are encoded by the same gene, and CPβ3 arises from alternative splicing (Schafer et al., 1994; Barron-Casella et al., 1995; von Bülow et al., 1997) . Considering that other isoforms of the β subunit, cpβ1 or cpβ2, are expressed in somatic cells other than germ cells and their mutation can lead to a severe phenotype (Hart and Cooper, 1999) , the possibility of the cpβ3 gene being a genetic factor is also low. Further examination is needed to specify the reasons for the low expression of hCPα3 and hCPβ3 in infertile men with oligozoospermia and/or asthenozoospermia.
In conclusion, this is a first report of testis-specific human CPβ3, which is a heterodimeric counterpart of human CPα3. hCPβ3 in conjunction with hCPα3 plays an important role not only in spermatogenesis but also in sperm function, and their altered expression may be a cause of male infertility.
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